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2proton is independent of the frame not by numerical com-
putation but by analytical computation. Moreover, We
will perform the evaluation in four dimensional setting
and treat neutrino a massive eld. It is interesting that
the decay rate can be analyzed analytically.
In Section II we will calculate the cross section of 
decay in the inertial frame. We will show that the decay
rate can be obtained analytically in terms of a function
which is an analog of Meijer's G-function of two variables.
In Section III, we will perform the calculation in accel-
erating frame. We will be able to check that the resulting
function is identical to the one obtained in inertial frame.
Section IV is devoted to the discussions.
In Appendix B, we list the explicit form of the function
appeared in our main result.
II. INERTIAL FRAME
In this section, we analysis the  decay of the accel-
erated proton in the inertial frame. In this frame, the
accelerated proton decay resulting from the acceleration.
In the at space-time, the solutions of the Dirac equa-
tion are simple but the calculation becomes complicate
because of the vector current is on the hyperbola. We
will mainly follow the notation appeared in Ref. [10, 11]
A. Accelerated Proton current
There may be several methods to represent the accel-
eration. One way is the followings. We represent the
proton as a classical current. The position of the current
should be on the world line of the accelerated particle,
\hyperbola". To do this, we introduce the Rindler co-
ordinates. Rindler coordinates correspond to the world
line of the uniformly accelerated observers. The inertial








) and the Rindler





; u) with 0 < u < 1 and  1 < v < 1. Two
coordinates are related by
x
0













= u cosh v: (1)



















If some particle uniformly accelerated with a proper ac-
celeration a, then u = a
 1
= const: is its world line. As a
























= (a; 0; 0; 0) in Rindler coordinates. To deal
with the proton-decay, nucleons jni and protons jpi are
represented as excited and unexcited states of the nu-
cleon, respectively. For Hamiltonian
^














We replace q in last current by the Hermitian monopole









where  = v=a is proper time of the proton.













This is clear that the particle is on the hyperbola.
B. Fermionic eld quantization
For electrons and neutrinos, we write the fermionic











































































tion and creation operators of fermions and antifermions,







are positive and negative
frequency solutions of the Dirac equation.
By solving the Dirac equation we obtain the orthonor-






































































































3and the solutions are normalized by this denition, where











is a unit vector orthogonal
to  and we have chosen  to be the hypersurface of con-
stant x
0
. The creation and annihilation operators satisfy

































































































elds, we write the



































where the rst term is used by inverse  decay.
You can see these general formation on any book of
Quantum Field Theory in the inertial frame. We are
ready to start to calculate the cross section of the accel-
erated proton in the inertial frame.
C. Calculation of Cross Section
We are now going to calculate the cross section of the
 decay using the current and eld in the subsection A.
The way of deriving the cross section is normal.
First, the vacuum transition amplitude of the proton





















It is straightforward to compute A
p!n








































































) is the nu-
cleon's proper time, G
F
 hpjq^(0)jni is the Fermi con-
stant. We can substitute the eld and integrate by x
3
.








































































































































































































where  and  represent e or .





















































































































































































































































































































































































































































It is not hard to show this formula in complex s plane by
picking the residues of  ( s) and  ( s )(see Appendix
A). To evaluate Eq. (27) we use this formals and after








































































 ( s + 1) ( s   2i
g






where the contour C
1
must be chose so that all poles of  ( s) ( s   ) are picked up and must be selected as k

































, where the contour C
2
is the path separating the poles of  ( t) from those of  (t  z)
(see Appendix A).























































 ( s) ( t) ( s + 2) ( t+ 2)
+Re
n
 ( s   t+ i
g























is the path which picks up
all poles of Gamma functions in s and t complex planes,
respectively.
This is the two-dimensional analog of Meijer's G-
function [13]. The explicit form can be obtained by eval-
uating contour integral. We list the results in the Ap-
pendix B.
III. ACCELERATED FRAME
In this section, we are going to analyze the same phys-
ical phenomenon view of accelerated system.
A. Fermionic eld quantization










(x) = 0; (32)
where


















































































































































































































































where i and j run over 1, 2, 3. By now, for squared































Given this denition, we can separate the equation for 





















































































































































































where the index a run over 1 and 2.




of k, we nd













































































































































































































































































and  is set to be v = const:. In this






































































































































































B. Calculation of Cross Section
The process of  decay in the accelerated frame looks
very dierent from that in rest frame. In this case, a
proton is stable but the whole space is FDU thermal bath
characterized by a temperature T = a=2. Therefore,
proton absorbs e
 
and  from FDU thermal bath and do
emit e
+






! n + ;
(ii) p
+







+  ! n:
The transition rate is a combination of them.
Formally, we can calculate the cross sections by same
way of the inertial system but we have to deal with three
processes.

























































































































































= (a; 0; 0; 0).
We assume that the observer is in the thermal bath.
We attach the fermionic thermal factor for each process.
Then the dierential transition rate per absorbed and











































































































































































































































































































is the fermionic thermal factor and T = 2Æ(0) is total
proper time of the proton.












































































































































































We can perform the analogous calculation for the processes (ii) and (iii) .























































































































































































































































































































































































































































































































































































































































































It is hard to deal with these integral of modied Bessel's. Of course, we can use Eq. (28) again like the case of Section































( + + );
1
2
(    + );
1
2
(  + + );
1
2
(    + )

; (69)
and by using the denition of G function, the integrand can be represented by power of ` and we can easily integrate
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g
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g








, respectively, by denition of G function.




d~!  (a + ~!) (b+ ~!) (c  ~!) (d  ~!) = 2i
 (a + c) (a + d) (b+ c) (b+ d)
 (a+ b+ c+ d)
[Re a;Re b;Re c;Re d > 0]: (71)
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Comparing this to the results in inertial frame (31), we nd that resulting expression agrees perfectly. This result
shows the existence of Unruh eect is inevitable.
IV. DISCUSSIONS
We have analyzed the  decay and the inverse  de-
cay of the accelerated proton in both frames. We found
analytic expressions for both frame and found that they
9Γ(−  )s







  sΓ(−  −µ)
FIG. 1: All residues of  ( s) and  ( s  ) are picked up.
agree with each other. If you see the calculation of G.
E. A. Matsas and D. A. T. Vanzella in two-dimensional
model [10, 11], you can realize that on four-dimensional
model it became hopelessly complicated integral. So the
main problem in this time is the complication of inte-
gral. To solve it, we used Barnes type representation as
you can see from Eq. (28) and Eq. (69). We can demon-
strate these formulae by picking up the poles in complex
plane of the integral valuable. The sum of these read-
ily becomes the innity series which denes the special
function. By using them, we accomplished perfectly an-
alytical proof.
It is straightforward to apply our technique for two
dimensional setup used in Ref. [10, 11], we can easily
prove that the decay rates is independent of the frame.
APPENDIX A
In this appendix A we proof both key equations
Eq. (28) and Eq. (30).
Firstly we derive Eq. (28). Through the path C
1
, all



























































(z) is modied Bessel function of the rst kind.
The last form is the denition of modied Bessel function
K

(z) for non-integer . And you nd the formula in case
 is integer n by setting  = n after partial dierentiation
of this formula by .





Γ(−  )tΓ(      )t−z
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(ii) (i)
 z   z−1  z−2  z−3





































So this integration is the expansion form of (A +B)
z
in
B < A. Similarly if you select the contour (ii) then you
obtain the expansion form of (A + B)
z
in B > A. This
integral representation of expansion of (A+B)
z
includes
both cases of B < A and B > A by selecting the contour
(i) and (ii), respectively.
APPENDIX B
In this appendix B, we show the explicit form of the
integral. There are poles of the power of 1, 2 and 3.
The integral can be simply calculated by the change of
variables to
s! s   t; t! t: (B1)





















































































is the path separating the poles of, for example in rst term,  ( t) ( t + 2) from
those of  ( s + t) ( s + t+ 2), and C
s
is the path which picks up all the poles in s complex plane.
Firstly, we start by t integration because the existence of poles in t complex plane is independent of s. If we
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The simplest case is for massless neutrino. If we set m

= 0, then only the rst term remains non-vanishing. After












































































































This is exactly the cross section obtained by Vanzella and Matsas with c
V
= 1 and c
A
= 0 (see Eq. (4.19) in [15]).
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where B(p; q) =
 (p) (q)
 (p+q)
and  is Euler's constant.
This is the nal form of the cross section. A natu-
ral question is that we have obtained the result which




although the original expression (31) is manifestly sym-
metric. The resolution of this puzzle is that the integral is
of discontinuous type. Namely, we can obtain the result









be checked directly by changing the order of integrations.
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